INTRODUCTION
perature gradient in the magmatic chamber, (2) flowage differentiation, (3) fractional crystallization, or (4) multiple Alkaline-ultramafic complexes associated with carintrusions (Taylor, 1967) . In some cases, the zonation bonatites commonly contain economic amounts of maghas been explained by diapirism of mantle rocks into the netite, apatite, pyrochlore, and perovskite among other upper crust (Malich, 1996) with a refractory residue important minerals. However, significant differences in ore potential exist between occurrences. For example, (dunite) preserved in the cores of such complexes because of partial fusion of the solid-state diapir in its peripheral zones. In general, structural features of concentrically zoned ultramafic and alkaline-ultramafic plutons are not considered consistent with a simple model of fractional crystallization owing to difficulties in explaining the location of the most refractory members in the centres of ring intrusions. In this paper, we present the example of the uncommon geology of the Salmagorskii pluton, in which dunite occupies the peripheral zone and therefore the igneous complex may be treated in terms of crystallization-induced zoning.
GEOLOGY
The Salmagorskii igneous complex is located in the southern part of the Kola Peninsula in northwestern Russia ( Fig. 1) , and this complex together with the Ozernaya Varaka, Afrikanda and Lesnaya Varaka complexes form the Khabozero group of alkaline-ultramafic intrusions (Kukharenko et al., 1965; Kogarko et al., 1995) . These plutons are composed of rocks originating from primary CO 2 -rich alkaline-ultramafic magmas (Edgar, Arzamastsev (1994) and Kogarko et al. (1995) ]. 1, and carbonatite) vary strongly among the complexes. Salmagorskii; 2, Khibina; 3, Lovozero; 4, Sokli; 5, Kovdor; 6, MaSpatial distribution in the Kola Peninsula of the important vraguba; 7, Niva; 8, Afrikanda; 9, Ozernaya Varaka; 10, Lesnaya Varaka; 11, Ingozero; 12, Sallanlatva; 13, Vuorijärvi; 14, Kandaguba; ;  group of Palaeozoic, carbonatite-bearing alkaline- 15, Tyryi Mys; 16, Sebl'javr; 17, Kurga; 18, Kontozero; 19, Ivanovka;  ultramafic intrusions, including Salmagorskii (Fig. 1) , as 20, Iivaara; 21, kimberlite pipe swarms. well as localization of the late Precambrian kimberlite pipe swarms are probably controlled by the Kandalaksha graben (Arzamastsev, 1994) .
clinopyroxene peridotite (werhlite); clinopyroxenite; meThe poorly exposed Salmagorskii complex is hosted lilitolite and pyroxene melilitolite; ijolite and urtite; melby Archaean gneiss. It was discovered in 1949 and teigite; carbonatite. According to the recommendations subsequently studied for 15 years (Kukharenko et al., of the IUGS, Subcommission on Igneous Rocks (Le 1965) . The age of the Salmagorskii intrusion is estimated Maitre et al., 1989) , the term 'olivinite' is considered as to be 375 Ma using the U-He method for garnet (mean old one and therefore the term 'dunite' should be lanite) from ijolite (Kukharenko et al., 1965) . This is used for all olivine-dominant rocks. However, in the consistent with many age determinations literature a distinction is commonly made between dunite obtained by Kramm et al. (1993) for other Palaeozoic and olivinite, in descriptions of alkaline-ultramafic comalkaline intrusions in the Kola Alkaline Province.
plexes (e.g. Kogarko et al., 1995; Bell et al., 1996) through New data on the geology of the intrusion and associated petrogenic and obvious metallogenic (presence or absence mineralization have been obtained from drilling underof accessory chromite) considerations. Following retaken recently to explore the apatite and perovskite ores.
commendations of the IUGS we use the term 'dunite' As a result, a revised geological map of the intrusion has for olivine-dominant rocks of the Salmagorskii complex. been compiled (Fig. 2) , and copper sulphide minThe results of electron microprobe studies show the eralization was recognized. The total number of drill presence of accessory chromite in dunite from the Salholes completed in the complex exceeds 100. The site magorskii complex (Korobeinikov et al., 1998) . This is of comparatively deep (up to 350 m) drill holes is shown the first occurrence of chromite documented in plutonic on the map (Fig. 2) ; shallow ones (10-40 m) were made complexes of the Kola Alkaline Province. for the purpose of mapping and sampling of bedrock.
Contacts within the intrusion dip steeply (70-85°) At the surface, the Salmagorskii complex occupies an towards its centre. The zone of fenite up to 300 m wide area of 26 km 2 and consists of a series of concentric has developed predominantly on the western side of the zones. The general sequence of rocks from the periphery to the centre of the intrusion is as follows: dunite and pluton around clinopyroxenite. Fenitization of gneiss Clinopyroxenite and nepheline-bearing clinopyroxenite are medium-to coarse-grained rocks occurring at the outermost zone in the western part of the intrusion, between gneiss and dunite, and as discontinuous zones within melilitolite in the inner part of the complex (Fig. 1) . Clinopyroxenite is composed predominantly of aegirine-augite and augite with lesser amounts of magnetite, hastingsitic hornblende and titaniferous andradite.
Melilitolite and pyroxene melilitolite are coarse-to medium-grained rocks consisting predominantly of varying amounts of melilite, clinopyroxene (augite, diopside and aegirine-augite) and phlogopite. Monticellite, magnetite, titaniferous andradite, hastingsitic hornblende, vesuvianite, wollastonite, and perovskite are subordinate. The gradual transitions between melilitolite and ijolitemelteigite are observed, and the corresponding intermediate rocks have been named melilite ijolite and melilite melteigite, following the recommendations of the IUGS (Le Maitre et al., 1989) . Melilite is commonly present as oikocrysts (up to 3-4 cm), which include chadacrysts of clinopyroxene, nepheline, magnetite and other minerals.
Ijolite and melteigite occupying the central part of the complex are fine-to medium-and coarse-grained rocks that consist mainly of clinopyroxene and nepheline with formed by magnetite (up to 5 cm in thickness), or calcite coarse-grained ijolite and urtite; 4, fine-to medium-grained ijolite; 5, melteigite; 6, melilitolite; 7, clinopyroxenite; 8, clinopyroxene peridotite (up to 20 cm) with aegirine, mica, and ± sulphides. The (werhlite); 9, dunite; 10, perovskite-and magnetite-rich dunite; 11, coarse-grained melteigite contains sub-economic copper fenite; 12, gneiss; 13, drilling profiles with the deep (up to 350 m) drill sulphide mineralization and is characterized by the densholes shown. The map has been compiled using data from the Murmansk Geological Prospecting Expedition (Apatity).
est system of such veins. Fine-grained ijolite and melteigite contain regularly disseminated sulphide-poor mineralization.
The main occurrence of carbonatite consists of a along the contact with pyroxene peridotite and dunite is stockwork of veins in the central part of the Salmagorskii negligible. complex ( Fig. 2 ) cross-cutting ijolite-melteigite. The veins Dunite forming a discontinuous peripheral zone of the are composed of calcite with lesser amounts of ankerite, intrusion is a medium-to coarse-grained rock consisting diopside and aegirine-augite, phlogopite, apatite, magof modal olivine (55-80%; Fo 88-90 ), titaniferous magnetite netite, perovskite, pyrrhotite, chalcopyrite and accessory (3-15%), perovskite (1-10%), augite (1-10%), phlogopite zircon. (2-5%), and pargasitic hornblende (0-5%). Apatite, chro-
The chemical composition for a representative suite of mite and spinel occur as accessory mineral phases. The rocks, as determined by wet-chemical analysis, is given economic perovskite-magnetite mineralization is located in Table 1 . According to CIPW norms, all rocks are in northwestern and southeastern segments of the dunite silica undersaturated, as normative nepheline, kaliophilite body. Ore-bearing dunite contains up to 40% magnetite (kp), larnite (cs) and periclase (per) are present. The and up to 25% perovskite. Dunite is cut by veins of conventional calculation procedure for melilitolites clinopyroxenite, ijolite and melteigite.
usually yields significant amounts of anorthite and larnite The accessory chromite, occurring in the magnetite-(cs). Melilitolites show strong variations in the proportions poor dunite, forms euhedral homogeneous grains of up of normative larnite, olivine, diopside and nepheline, to 0·2 mm in size. Its average chemical composition, which correlate with modal variations in melilite, olivine, based on electron microprobe analyses is (wt %): Cr 2 O 3 clinopyroxene and nepheline. Generally, the range in the 56·31, FeO 34·12, 21·18  22·13  39·97  27·02  29·27  37·56  37·40  43·62  35·20  28·44   TiO 2  7·51  7·01  4·13  6·40  7·80  2·14  2·84  5·80  1·80  4·90   Al 2 O 3  2·46  1·70  3·77  3·62  1·51  14·75  14·91  3·53  7·20  3·52   Fe 2 O 3  21·97  21·86  10·88  14·01  11·56  5·50  6·05  8·80  15·25  20·05   FeO  15·23  13·94  7·38  11·46  10·19  4·78  5·09  5·87  11·78 13·53
1, 2, magnetite-and perovskite-rich dunite; 3, clinopyroxenite; 4-7, melilitolite; 8, ijolite; 9, 10, copper sulphide-rich melteigite. Analyses (wet chemistry): 1-7, after Kukharenko et al. (1965) ; 8-10, this study.
ijolite and melteigite, providing evidence for the per- (Fig. 2) . They are composed in particular of melanocratic alkaline nature of these copper-rich rocks (Table 1) . and coarser-grained varieties of the usual melteigite ( jacupirangite to clinopyroxenite), but with significantly
COPPER SULPHIDE
higher concentrations of apatite and sulphide minerals.
MINERALIZATION
The total area of mineralization is~1·2 km 2 . The sulphide minerals present are pyrrhotite (up to 25%), chalcopyrite The fine-to medium-grained melteigite-ijolite located in (up to 4%), and minor djerfisherite, pyrite, cubanite and the central part of the Salmagorskii complex contains steeply dipping lens-like zones of up to 250 m in thickness cobalt pentlandite. The chemical composition of these minerals is given Rock-forming minerals of the copper sulphide-apatiterich melteigite-clinopyroxenite are aegirine-augite, aein Table 2 . Sulphides and rock-forming minerals were analysed at the Institute of Electron Optics of the Uni-girine, phlogopite and biotite, titanium-rich magnetite, apatite, pyrrhotite, with minor amounts of calcite, titanite, versity of Oulu with the CJXA-733 JEOL Superprobe (15 kV, beam current 10 nA) using standard routines and nepheline, perovskite, titaniferous andradite and nepheline. Selected microprobe analyses of rock-forming ZAF correction factors. In some cases, within micaceous melteigite and aegirinite, djerfisherite is present in sig-minerals are given in Table 3 .
Aegirine-augite in copper-rich melteigite often has renificant amounts (up to 25% of total sulphide minerals) and is commonly found near the grain boundaries be-versed colour zonation with slightly paler rims around darker green cores, which correlates with their chemical tween mica and pyrrhotite or chalcopyrite. In places, grains of the latter are cut by tiny djerfisherite-rich compositions-the rims are richer in Ca and Fe but poorer in Na and Mg compared with the cores (Table 3) . veinlets. Analyses of djerfisherite show relatively high concentrations of copper and absence of sodium (Table 2 ). In unaltered, fine-grained ijolite and melteigite, however, clinopyroxene displays the more typical zonation with These are, however, comparable with data reported for djerfisherite from other alkaline intrusions in the Kola more greenish rims surrounding comparatively pale cores. The composition of mica is close to the comPeninsula (Balabonin et al., 1980) . The chlorine-poor variety of djerfisherite from the Salmagorskii complex positional boundary between phlogopite and biotite, but commonly corresponds to that of phlogopite. The content has also been recently reported by Barkov et al. (1997) . The sulphide assemblages are most often located in of iron in this mica decreases from its core towards the rim, whereas the amount of Mg increases in the same the interstitial spaces among grains of clinopyroxene, magnetite and phlogopite, and usually form veinlets of direction (Table 3 ). The contents of Sr and Ce in apatite decrease toward the rims. Fluorine, unlike chlorine, inup to 1 cm in thickness. In contrast to the copper ore found within the Phalaborwa carbonatites (Forster, 1958) , creases somewhat toward the periphery of the apatite grains. the mineralization at Salmagorskii does not contain bornite. Apatite occurs mainly as anhedral mineral grains (up The distribution of copper and phosphorus in the drill cores studied (Fig. 3) shows that the upper and lower to 40%) in the intergranular spaces among pyroxene, magnetite and mica. The chemical composition of apatite parts of the mineralized zone differ. The highest contents of copper are observed in the upper level of the drill is given in Table 3 . 
n.d., not determined.
cores, and do not correlate with phosphorus, whereas the accumulation of volatiles in its core, where signs of the Cu-P 2 O 5 correlation coefficient for levels deeper than autometasomatism are most evident. The stockwork of 60 m is significant (+0·39). On the other hand, there carbonatites is located somewhat apart from the minis no correlation between TiO 2 and Cu or TiO 2 and eralized melteigites, and may be attributed to the in-P 2 O 5 . The very different distribution of TiO 2 in com-dependent evolution of the carbonatitic magma after its parison with copper and phosphorus is shown on the immiscible separation (Kjarsgaard & Hamilton, 1989) histograms (Fig. 4) . The distribution of titanium is close from the conjugate nephelinite (ijolite-melteigite) melt. to the normal one, in contrast to that of copper and The different structural positions of carbonatites and the phosphorus, which both yield sharply asymmetrical pat-residual products of evolution of the silicate magma terns (Fig. 4) . It is noteworthy that the above distribution (micaceous pegmatites) because of this process are rather patterns are present in different drill cores, and suggest common in similar intrusions (e.g. Kovdor, Kogarko et the existence (to a certain degree) of vertical zonation to al., 1995; Phalaborwa, Verwoerd, 1986; Eriksson, 1989) . the mineralization.
Thus, all silicate rocks from the Salmagorskii pluton probably can be treated as comagmatic members of the same igneous series, crystallized in a comparatively closed system, starting from the margin of the pluton toward DISCUSSION its centre. The complication in this model, however, is Zonation of the igneous complex the peripheral location of the clinopyroxenite body at the western contact zone of the complex between dunite The sequence of silicate rocks observed starting from the and gneiss (Fig. 2) . Because of the fenitization caused peripheral zones of the Salmagorskii intrusion towards by the clinopyroxenite, it is possible to assume that it its core (dunite-clinopyroxenite-melilitolite-foidolite) is represents a more evolved magmatic member than dunconsistent with experimentally and theoretically deduced ite. Accordingly, the possibility for the involvement of magmatic crystallization trends (Schairer & Yoder, 1964) . Such crystallization within the pluton is accompanied by separate magmatic pulses into the crystallizing plutonic body must be considered. However, the injection of the pluton may provide evidence for the low degree of later clinopyroxenite does not seriously contradict the autometasomatism within the earliest products of magabove proposed scheme. matic differentiation-olivine cumulates. The most evolved silicate rock is copper-rich melteigite, which is consistent with the evolutionary trend of peralkaline magmas towards melanocratic compositions (Bailey & Schairer, 1966) . In connection with this, it is noteworthy that aegirinite commonly occurs amongst the Origin of the sulphide mineralization most copper-rich melteigites. The concentric petStructural features of the mineralized rocks and data rographic zonation established at Salmagorskii probably reported here on their mineralogy and geochemistry represents a rather rare example amongst alkalineprovide evidence for post-magmatic interaction of a ultramafic complexes for which a fractional crystallization residual oxidizing fluid with the earlier crystallized finemodel seems plausible.
grained ijolite-melteigite. This ijolite-melteigite contains The petrogenic importance of the recognition of acdisseminated sulphides, which may have served as the cessory chromite in the plutonic rocks of the Kola Alkaline primary source for the copper mineralization and subProvince (Korobeinikov et al., 1998) should be emsequently deposited in veins consisting of magnetite, phasized. Primary chromium-rich spinels rarely 'survive' aegirine, calcite, phlogopite and apatite. The initial sulphin highly fluidized magmatic systems, such as carbonatiteide-poor mineralization probably originated from the bearing alkaline intrusions, because of post-magmatic sulphide-silicate unmixing during the final stages of the redistribution of chromium from oxides to silicate phases, magmatic evolution of the pluton, and was presumably mainly to clinopyroxene and amphibole. The presence of chromite in olivine-dominant rocks from the Salmagorskii remobilized by post-magmatic fluids rich in H 2 O, CO 2 , VOLUME 39 NUMBER 11 & 12 NOV & DEC 1998 between P 2 O 5 and Cu abundances in the studied drill cores (Fig. 3) . The reaction between the oxidizing residual fluid equilibrated with magma and earlier-formed rocks resulted in the decrease of ferrous iron in mica (whose rims became magnesium richer). A similar melt evolutionary history has been previously shown for the Lovozero alkaline pluton in the Kola Peninsula (Korobeinikov & Laajoki, 1994) .
The carbonate constituent of the late fluid is considered to have caused the Ca enrichment in the rims of the clinopyroxene grains. The late post-magmatic copper-, sulphur-and chlorine-rich alkaline brine probably also reacted with mica, forming djerfisherite. Preliminary data on the chemical zonation in apatite grains provide evidence for the chlorine dissolution and loss from the magma during the late stages of its differentiation.
It is possible to conclude, therefore, that the copper mineralization of the Salmagorskii complex is of purely post-magmatic origin related to a carbonate-and alkalirich fluid. The latter is associated with the formation of the carbonatites, as is evidenced by the occurrence of calcite veins observed within the mineralized ijolite and melteigite. In comparison with known sulphide-rich carbonatites (Heinrich, 1970; Verwoerd, 1986) , the abovedescribed mineralization represents a rare example of significant enrichment in copper of peralkaline mafic silicate rocks.
